Creep tests were made in tension under co nstant loads at temperatures of 300°, 700°, and 900° F on ini tiaJly annealed specimens of nickel, copper, and 70-percen t-nickel-30-percent-cappel' and 30-percent-nickel-70-percent-copper allo ys. Tests at 1,200° F were also mad e on the nick el and th e two alloys, bu t not on the annealed copper as the resistance to creep of copper is relatively low at this temperature. Th e investigation included a study of the influence of rate of loading on the creep stress and of prior t h ermal-mec hanical history on the creep behavior of the allo ys at several selected temperatures. Contour and hardness s urveys and m etallographic examinations were also carried out on some of the frae tured s pecim ens to ascertain the eff ect of creep on the necking characteristics, hardn esses, and structures of the metals.
I . Introduction
The effects of temperature on the shorL-time tensile and some other properties of the same lots of nickel, copper, and nickel-copper alloys initially in the annealed and cold-drawn condition were discu sed in previous publications [1 to 7] . 1 Parker and Hazl ett [8] made a comprehen ive survey of the literature on the principles of solution hardening in relation to the tensile properti es of nickel-copper alloys. Hazlett and Hansen [9] showed that the hape of the creep curves for nickel extend cd in tension was markedly altered by either prestraining or alloying. French and Hibbard [J 0] discussed the change in lattice parameters and mechanical propcr-Lies of copper introduced by alloying wi th nickel.
According to Barrett [11] nickel and copper form a continuous series of substitu tional sol id solu tions. All alloys of the system consi t of a fac e-centeredcubic lattice with copper and nickel atoms distributed at random on the lattice points. Nickel has nearly the same atomic size as copper and the presence of nickel atoms alter only slightly the copper lattice. However, Averbach [12] pointed out that recent reearches show that solid solution arc not random; that the atoms are displaced from their lattice sites; and that the atoms n either retain their pure metal sizes nor assume the average size calculated from the alloy lattice parameter. There is considerable uncertainty concerning the role of strain energy in solu tions 1 Figures in brackets indicate thc literature reference at the end of this paper.
containing atoms of disparate sizes; the solutions, however, may be randomized by pIa tic fl ow.
The present study was made of the cr eep chnraeteristics of nickel, copp er, and two alloys of these m etals as a part of a omprehensive inve Ligation designed to evalua te the rheological propertic of samples of these metals at temperatures ranging from -320° to + 1,700° F. Special attention was directed towards an evaluation of the resistance to creep of the alloys in relation to that of the component m etals.
. Metals, Apparatus, and Procedure
The chemical composition and average grain si ze of the metals used in this investigation are shown in table 1. 11 the bars of eaeh meLal were processed from a single heat. The creep specimens of each metal were machined from one annealed bar to an 0.505-in. diameter over a 2-in. gage length. The preparation of the specimens and the apparatus u sed were described previously [1] . Es entially, each creep specimen was heated in air to the desired temperature and held at temperature 48 hI" before loading. Load increments, each equivalent to a stress value of 5,333 Ib/in. 2 , were applied at I-hI' intervals (hereafter designated as the "standard" rate of loading) un til the desired stress was attained. This standard loading procedure was modifi.ed in those tests made to determine the influence of priorstrain history on the subsequen t creep behavior. The prior history and procedures used in this series of experiments are described in tables 5 and 6. • The arc spectrum of the copper was examined for the sensitive lines of Ag, AI , B , Be, Co, Fe, I n, Ir, Mg, Mo, Na, Ni, Pb, Sb, Si, Sn, Ti, V, and Zn. The lines for Ag , AI, M g, and Si were identified and tbere was some indication of the presence of Fe, Ni, and Pb.
----------------------------------------------
b Not detected . , Values obtained on specimens prepared from the annealed bars.
The temperatures of the creep furnaces were controlled within ± 1 ° F of the desired temperatures over the specimen length and the probable error in measuring the extensions was less than 0.00002 in. Specimen contours were determined by measuring the diameter of the specimens at various distances from a fractured end. Rockwell hardness determinations were made along the longitudinal axis of specimens prepared by the usual procedures for making these measurements [1] .
. Results and Discussion
The results of creep tests made on specimens loaded at the standard rate are summarized in figures 1 to 20, and in tables 2, 3, and 4. Data obtained on specimens tested to determine the effect of prior-strain history on the creep properties arc presented in figures 21 to 27 and in tables 5 and 6. ValuE's for the copper at 110° and 300° F and for the nickel are not tabulated, as they were presented previously [1, 2, and 5]. The effect of temperature on the stress-strain relations during loading is shown in figure 1. At each temperature, the general shape of the family of curves show that, after the start of deformation, the incremental changes of strain increased with each successive increment of stress. These values also increased with an increase in temperature. Thus, it is a pparen t tha t the strain hardening becomes less pronounced as the temperature is raised.
At each of the temperatures and at equal strains the strengths of the alloys were greater than those of the component metals. Furthermore, the differences in the rate of strain hardening between the component metals and the alloys were strongly dependent on temperature. A strengthening effect due to small strains associated with alloying the component materials has been described by Fisher [13}. The shape of the cr eep curves for all the specimens used in this investigation was, with a few exceptions, similar to those shown previously for copp er [1 , 2] and nickel [5) .
Some of the strain-time curves of specim ens of different composition s tested under identical conditions at 700°, 900°, and 1,200° F are shown in figures 2, 3, and 4 . Due to differences in strengths of the metals, no identical tests were nm at 300° F. It is apparen t that the resistance to deformation ( fig. 2 ) of the all oys was greater than that of the pure nickel. Fur thermore, the alloy containing 30 percent of copper was more cr eep resistant at all values of time than the alloy COIl tain ing 70 percen t of copper. Other examples of the effect of alloying the nickel with 70 percent of copper are shown in figure 3 for specimens tested at 700° and 900 0 F. These data indicate that the str engthening effects due to alloying are more pronounced as the tim e at stress is fig. 4) . If the str engthening effects associated with alloying were due wholly to the lattice distortion or short-order arrangements, then it appears that the magnitude of these differences would not be as g reat. Apparently, some additional mechanism i partly responsible for this behavior. Cottrell [14] describ es a process of this type and relates the properties found in substitutional solid solution alloys to the r elative degree of interaction of moving dislocations with moving solute atoms. The solute atoms may act as barriers to the motion of dislocations. The Cottrell theory accounts for the alternating of dislocations b etween slow and fast moLiol1s and may be applied to the serrated creep rate-train curves shown in figures 5 and 6. An additional prediction in this theory based on the creation of vacancies during s training at constant load, is that these curves (figs. 5 and 6) should be at first rather smooth, should become serrated as the strain is increased, and, at large strains, should again b e compal'atively smooth. An inspection of these data reveals that these effects do occur. Moreover, it appears that increasing the temperature from 900 0 to 1,200° F , increasing the stress at constant temperature, or increasing the copper content of the alloys tends to decrease the magnitude of the serrations. It was not possible to deduce a simple mathe- 
2in . matical formula for describing th e complete straintime curves. This observa tion is a t tributed to th e fact that adequate p arameters have no t b een d etermined for describing the complex structural changes that occur during the differ en t stages of creep . Ther efore, it was considered to b e more frui tful to tabulate t h e da ta, as in tables 2, 3, and 4, and then to analy ze separately the da ta as applied to ea ch of the variou s stages. ----- of the cr eep process. I n gen er al, a period of decr easing cr eep rate with increasing time was ob tained in sp ecimens used in this investiga tion. Several of th e sp ecimens used indica ted the existence of an incubation p eriod similar to those shown previously for some specimens of initially annealed nick el a t 300 0 F [5] . The existence of this period in the alloys is also partly a t tribu ted to t h e magnitude of th e final applied str ess .
Probably th e most complete analysis of the cr eep curves has b een made by Andrad e [15] who indicated that his data could be describ ed by the equation : Wi th th e exception of t he data for several sp ecim en , previou ly n1.en tioned , a linear r elation wa.s ob tained when th e logari thm of the cr eep ra te was ploLted against the logarithm of th e time during t he firs t sLage of creep . The rela tions b etween the lope of the curves and the ini tially applied cr eep 7 The modifi ed exhaustion th eory of D avis and Thompson [16] is describ ed by th e equ a Lion 10g(te)=A+ B log e wher e t= time, e=Cl'eep ra te, and e=strain. A ttemp ts wer e made to apply this formul a to the data ob tained for th e 70-p ercen t-Ni-30-percent-Cu alloy_ However , th e a gr eem ent was not as good as that previously r ecorded for nick el [5] as shown by th e curves in figures 7B and 9. The valu es for th e slop es in this analysis should b e b etween + 1 and -t-
. Effect of pl'iol'-stmin hist01'y on Cl'eep of 30-percent-nickel-70-percenl-copper alloy, initially as annealed
The effect of stress on t h e values of the slopes, for the 70-p er cen t-Ni-30-percen t-Cu alloy is shown in figure 7B , and the influence of alloying t h e nick el The strain values shown were those measnred 1 hI' after application of t he corresponding stress.
. . with 30 percent of copper is shown by the data r eproduced in figure 9 . For the alloy ( fig. 7B ), it appears that the slopes incr ease with incr easing temperature (s tress constant) or with increasing stress (temperature constant). The shapes of the curves appear to indicate that the deformation process changes somewhat with variations in temperature and str ess. With the exception of the data obtained at 1,200 0 F ( fig. 9 ), alloying the nickel displaced the values of th e slopes to lower values. Apparently, the solu te atoms that cause a str engthening effec t in the alloy at low temperatures are less effective strengtheners as the temperature is raised.
The This sugges ts that at low stresscs Lhe material behaves like a Newton ian fluid . At high str esscs, howevcr , the cxpression may be sho wn Lo exist in the form or The data we re ploLted 011 semilog paper and reproduced in fi gure 10. The curvc at 300° F indicaLe an approach Lo lin earity as Lhe Lime at sLre s is increased. At 900 0 F ,' the shap e of the curves indicate that the flow mechanism , although temperature-sensi tive, arc less affected by Lh e time at which the creep rate was measu r ed for any str ess value employed. T h e posiLions of the cu rves, howeve r, indicaLe that the hor L-Lim e (5 to 20 min ) strain h ardening occurring at 700° F is equal Lo or greater than that ocel.ltTin g at 300° F. Thi phenomenon is in agreeme nt with another prediction of the th eory of the effeeL of solute atoms as proposed by Cottrell [14] . In the short-time tensile te ts of this alloy [7] , Lhe mag nitl.lde of the serrations in the stress-strain CUJTe attain ed a maximum in the temperature ran ge 600° to 800° F. The region to which this formu la applies is generally call ed the second stage of cr eep. The apparent balance b etween the competing m echanisms of strain hardenin g and recover~T of m etals durin g th is tage ha caused a number of th eOl'ie to be proposed to describe this steady state. Generally, the analyses of the r elaLion b etwee n stress, temperat Llre, and second stage creep rate are based on Eyring's chemical-rate theory [18] or are a result of curve fit ting. 1000 I r --,--, -,----, --,---, , - . c:. LOG (e) FIGURE 9. R elation of stress 10 the slopes of the log product of the lime and cree p rale-log strain curves d1l1'ing the first stage of creep .
, ---------,---------, ---------, ---------, --------,
l Ila .,' 7 ., les than that of the 30-p ercen t-Ni-70-perce nt-Cu alloy _ Thus, the strength eni Llg eiTecL due to alloying t hat was observed in the first s Lage are still evident during the second sLage of cr cep _ A t 1,200 0 F , however, th e nickel specimens appeared stronger than those of the 30-perce Llt-Ni-70-pel'cent-Cu alloy , indicating that factors affecting the strengths at low temp erat ures arc no t necessarily as effective at the higher test temperatmes. Similar trengthening effects were obtained previously ill shor t-time tensile tests on high-pUJ'i ty and commercial grades of the 70-percent-N i-30-perce nt-Cu alloy [6] -Above the threshold str esses at which creep b egins at 300 0 F (fi g. ll ), small changes in stress caused a marked change in creep rate_ However , the r elatively high threshold stresses at 300 0 may b e attributed to a combination of a high degr ee of strain hardening and aging accompanied by a low rate of recovery_ As t he temperature is raised, (figs. II and 12) r ecovery predominates and the threshold str esses n eeded to produce equal second stage rates become less_ The l'elations between temperature and stress necessary to produce different second-stage creep rates are shown for the 70-percent-Ni-30-percen t-Cu alloy in figure 13_ As the shap e of this family of curves is typical of the b ehavior of all the m etals used in this investigation, the data for the oth er metal arc no t shown _ How'ever , the short-time tensile strengths of the 70-percent-Ni-30-per centCu alloy are included for comparison. In the temperature range 300 0 to 700 0 F , the rate of change in stres with temperature increases with increasing creep rate . whereas the reverse is true in the 900 0 to 1,200 0 F range. ' However, within the 700 0 to 900 0 F range, these slopes appeal' to be independent of cr eep rate_ Apparently, both high-and lowtemperature m echanism are a ctive within this latter range of temperatures.
The r plation between str ess and nicl el content to produce various second-sLage creep rates at different Lemperatures is shown in :figur es 14 and 15. I n general, th e slopes of the st re s-nickcl content curves to produce second-stage creep rates of 0.5 percent, 1. percent, 10 percent, or 100 percent per 1,000 hr are a maximum as the nickel co n tent is increased from zero to 30 percent_ It is observed tha t the variation of stress with nickel conte nt at any cr eep rate is generally greater at 700 0 F than at other test temperatures. Several pb enom ena are considered to be responsible for the_latter observation_ Of the temperatures used, simultaneo us straining and recrystallization of copper have b een r eported at 700 0 F [7] ; this temperature is within the vicinity of the Curie poin t of nickel [3] ; serrated tress-strain curves arc obtained for sp ecimens of th e alloys ill short-time tensile tests [7 ] .
The r elation between str ess a nd nickel content to produce different creep rates at different temperatures is shown in figure 15 . Although the 70-percentnickel alloy specimens showed the best creep r esistance at all temperatures and stresses, the parallelism of some of the line segments indicated that the strengthening effects of nickel were practically indep endent of the second-stage creep rate_ Conformance to these predictIOns IS obtamed for the materials used in this investigation as shown in figure 16 . The discontinuous <,:urv~s for copper ar~ attrib\lted, in part, to recrystallIzatIOn and extensIve gram growth during creep . Moreover, the r elative positions of the nick el and the 30-percen t nickel alloy indi cate the factors contributing to th e str engthening of the nickel du e to alloying are most effective within the parameter valu es of 16 temperatures. Therefore, predic tions of du ctility values, b~sed on fundamental concepts, docs not app ear possIble at this tiJ?e. However , it is generally ?o.n?eded that the du ctIlI ty of m etals dep end s on the mItIal concentration of lattice defects and the formation and motion of new defects throughou t the crystals. Apparently, as observed in short-time tensile tests on materials of the nickel-copper system [7] s~bstantial changes in the du ctility -temperature rela~ tIOns are made by alloyi ng. Changes of this type have b een analyzed by Cottrell [14] who consider ed them to b e r elated to the creation of vacancies and in terstitial defects during cold-working . The r elation b etween strain values, obtained one hour after application of load and the logarithm of the second-stage creep rates for specimens tested at 790°,900°, and 1,200° F is shown in figur e 17 . Suffi.-ewn.t data were n.ot available for analyzin g the b ehaVIOr of the sp eCImens at 300° F . The initial strain valu es, corresponding to equal second-stage creep rates at 700° and at 900° F , incr ease as the copper content of the specim ens is d ecreased from 100 to 30 percent. The strain valu es at 700° F for the nickel are aPI?roximately the same as those of the 30-percent-N I-70-percent-Cu alloy; wher eas, at 900° F the corresponding stra in values for th e nickel are greater than those of the 30-percent-nick el alloy. Moreover at 1,200° F , th~ strain valu es of the nickel are higher than those for Clther of the alloys. These observations indicate that the flow characteristics of these m etals are strongly dependent on the copper content. Sever al processes are discussed in the li tera ture as b eing the cau ses of th e initiation and the propaga tion of accelerating creep in th e third stage. Among these processes are th e followi ng: rising stresses rcsulting from a decreasc in cross-sectional area of th e specim en , structural ch anges, extensive r ecovery or r ecrystallization, and nuclea tion and density of void nuclei. Machlin [20] has r ecen tly developed a theory based on the probabili ty of the growth of preexis tent voids by va,cancy conden sa tion . Each of the above concep ts are applicable to a limited exten t to the da ta for t,he presen t investiga tion. N o lo cal contraction (necking) nor v oids of a microscopic size wer e observed for any of the specimens that wer e examined after stopping the tes ts prior to the third s tage. Therefore, it is concluded that th e n ecking and the growth of cr acks, wer e a con sequence of accelera ting cr eep in th e third stage. Similar observations were made previously for the copper [1] and for the nickel [5] . Wi th the exception of nick el, previously discussed [5] , the degree of necking, in gen eral, decreased with in crease in temp era ture and with decrease in creep rate. This typical behavior is illustrated by the curves shown for the 70-per cen t-N i-30-percen t-Cu alloy specimens in figure 19A . Moreover , the sp ecimens exhibiting the greates t tenden cy to contract locally (B-18 and B-13) both showed a tendency toward an increase in hardness with incr ease in contraction of area values ( fig . 19B) .
For the specimen s tested at 1,200° F (B-3, B-5 and B-8), th e opposi te effect on hardness ,vas observed . The tenden cy to soften as the con traction of area values increased was a t tribu ted both to the rela tively high temperature and decrease in cr eep ra te. ThIS behavior was accompanied by a progr essively increasing number of microscopic ctacks bo th near the surface and in th e in terior of th e sp ecimens.
The relations between maximum post-test hardness and second-stage creep rate are shown in figure 20 for specimens of the nickel and the two alloys. The gen eral trends wer e for the hardness to increase with a decrease in test temperature (cr eep rate constant) or wi th incr ease in creep rate (temp er a ture constant). This same observation was made for the copper ; however, the hardness values wer e too low to b e included in the figure. Alloying the copper tended to raise the hardness values markedly; however , with one exception the maximum hardness v alue for the nickel was higher than th e corresponding values of the 30-percent-Ni-70-percent-Cu alloy.
Apparently, some of these and previous da ta are consistent with the observations on the lattice param- 455334-5 --3 eters of the copper-nickel ystem recently presented by Coles [21] .
g. Activation Energy D eterminations of activation energies from data obtained in creep tests on different metals have been made in recent years. Some investigators have found that the activiation energy associated with creep is approximately equal to that for self-diffusion of the material. Other data depart rather markedly from this observation. Also controversial are the influences of prior-strain history, strain, temperature, grain and subgrain sizes, and the metallurgical changes occurring during e,reep. In addition, differences in values of activation energy may be attributed to the use of different basic assumptions in the calculations. For example, the activation energy for creep of the nickel used in this investigation was calculated as about 53,500 calories per mole according to the analysis of Manjoine and Mudge [23] and about 65,000 calories per mole by using the dislocation climb mechanism proposed by Weertman and Shahinian [22] . It was, therefore, thought unfruitful to pursue further any analysis of activation energy until a more complete appraisal of the basic factors affecting the calculations can be made.
.2. Effect of
An analysis of experimental data led Ludwik [24] to propose that the strain-hardening characteristics of a material were a function of the instantaneous strain, strain rate, and temperature and were practically independent of the prior strain history. Many fundamental data have since been accumulated to test the validity of this equation of state. It is now the generally accepted view that this relation is generally invalid and that the data tending to confirm this and similar proposals may be considered as only special cases of the general problem of plastic flow.
Wood [25] , in summarizing the factors affecting the structural changes in metals during deformation, indicated that the parent grains are fragmented . The size of the substructures so formed increases with increase in test temperature and with decrease in rate of straining. The boundaries of the substructures can act as barriers to the motion of dislocations or as sites where stable barriers form. During a constant-stress creep test the substructure tended toward an equilibrium size characteristic of the stress and test temperature. Systematic changes in subgrain size, accompanied by changes in resistance to deformation, was predicted for specimens as thc test temperature or strain rate was altered. A quantitative test of this hypothesis was recently made by Hazlett and Hansen [10] who indicated that the shape of the creep curve could be materially altered by changes in the initial substructure of the base material and further altered by alloying. The prestraining of the nickel in that investigation was done exclusively at room temperature and followed by a recovery treatment at 1,290 0 F.
The influence of prior straining in creep on the subsequent creep behavior at elevated temperature and tensile properties at room temperature of nickel and copper has been discussed in previous publications [1, 2, 3, 5] . The present paper is concerned with similar effects on the 70-percent-Ni-30-percentCu and 30-percent-Ni-70-perccnt-Cu alloys. The test conditions and results are summarized in tables 5 and 6 and analyzed graphically in figures 21 to 27, inclusively.
The effect of the magnitude of the initial stress and th e subsequent rate of loading on the creep behavior of specimens of 70-percent-Ni-30-percent-Cu alloy at 300 0 F is shown in figure 21 . If the only modes of deforma tion, existing for these specimens, were the ones suggested by Wood [25] , then the curves for specimens tested at equal stresses should merge after a time. Apparently, an aging phenomenon, such as was shown for nickel [5] existed for this alloy under these test conditions. Although the reduction of area values are approximately independent of the rate of loading, elongation and the true stress at fracture appear to be dependent on this factor.
The influence of alloying the nickel with copper on the resistance to creep at 300 0 F of slowly loaded specimens can be deduced from a comparison of the difference in stresses, in excess of the tensile strengths, required to produce fracture in 1,000 hr. The 70-percent-Ni-30-percent-Ou alloy r equired a str ess at least 3,350 IbJin. 2 in excess of its short time tensile strength ( fig. 21 ) whereas the nickel r equired only 1,600 Ib/in. 2 or less, in excess of its tensile str ength to produce complete fracturc in 1,000 hours in slowly loaded specim ens [5] ; the short-time te nsile strengths at 300° F of the alloy and nickel were 61,850 and 46,400 Ib/in. 2 , respec tively. This increase in cr eep strengths at 300° F of both the alloy and thc nick el is primarily attributed to a combination of strainaging and strain-hardening characteristics. The results show that the strain aging and hardening are much more prominen t in the sp ecimen loaded slowly t han in th e specimens loaded rapidly to th e selected cr ee p stresses. The stTain-aginO' characteristic at 300° F of the alloy ar e further illustrated, in figure 22 , by a compari on of t he relative positions of the tress-strain curves associated with the slowly loaded sp ecimens (dashed curves) and the sp ecimens loaded at 5,330
IbJin. 2 hI' (solid curve). In the absence of strain aging, t h e cmves for th e four sp ecimens should coincide.
The effect of straining a 70-percent-Ni-30-percentOu specimen at a lower sLress at 900 0 F on the ubequent cr eep b ehavior at a higher sLre and at the same temperature, is shown in figme 23. Although the second stage creep rate was approximately the same for the specimen (B-14) pre trained 2.23 percen t at 18,670 IbJin. 2 as that for the pecimen (B-4) not prestrained, the behavior of t he two specimens in the first stage was som ewhat differ ent. 'l'he duration of the first stage of t he former specimen was relatively short in comp arison with that of the latter. These observations are consistent with Wood's theory describing the tendency of the subgrains to approach an equilibrium size. Th e fact that this behavior is not typical at 900 of is shown by t he r e ul ts reproduced in figme 24. Th e specimens were prestrained different amounts at temperatures of 300°, 700°, 900°, or 1,200° F. Th e sp ecimens prestrained at 300°, 700°, and 1,200 0 F showed a tenden cy toward an increase in second stage creep rate and a decrease in fracture tim e when compared to the specim en loaded a t the standard rate and strained at 900° F . Straining slowly at 900° F (B-14) to a value of 5 p ercent tended to decrease t he second stage cr eep rate and increase the fracture time and elongation. The strain associated with the first stage of creep increased as the prestraining temperature was increased. Moreover, the first stage was practically eliminated for the specimens prestrained relatively large amounts at 300 0 or 700 0 F (B-17 and B-9).
The eff ect of prestraining at 900 0 F on the creep characteristics at 1,200 0 F of the 70-percent-Ni-30-percent-Cu alloy is shown in figure 25 . Pres training caused a detectable first stage, a decrease in secondstage creep rate, elongation, and fracture time at 1,200 0 F. . The influence of prestraining temperature and the amount of prestrain on the creep characteristics of The 30-percent-Ni-70-percent-Cu alloy tested at 900 0 F with a stress of 18,670 Ibjin. 2 is shown in figure 26 . Compared to the reference specimen (U-8) the fracture time was decreased and the second-stage creep rate increased for all the prestrained specimens. The maximum increase in creep rate was observed for the specim en (C-13) prestrained at 1,200 0 F to 10.22 percent wh~reas the minimum increase was observed for the speClmen (C-21) prestrained at 900 0 F to a small strain value. Apparent]y, the substructures developed in the lattcr specimen had only a slight cffect on the second-stage rate, but caused a marked decrease in fracture time and elongation. Generally, for the specimens of 30-percent-Ni-70-percent-Cu an increase in t he prcstraining temperature (amount of prestrain constant) was accompanied by an increase in secondstage creep rate and a decrease in values of elongation of!. or rednction of area. J ncreasing the amount of prestrain at 300 0 or 900 0 F tended to cause an increase in second-stage creep rate, elongation, and reduction of area for the specimens; whereas the increase in creep rate for the specimens prestrained at 1,200 0 F was accompanied by a dccrease in elongation.
Although prior-strain history appeared to have a pronounced effect on the subsequent mechanical propertics at 900 0 F of the 30-percent-Ni-70-percentOu alloy, the properties at 300 0 F were practically independent of t he rate of loading (tables 3 and 6). The latter observation is not in agr eement with the results obtained on the 70-percent-Ni-30-percent-Ou alloy and may be due, in part, to the differences in th e degree of strain aging in the metals .
h. Specimen Contour and Post·Test Hardness
The effect of prior-strai.n history on the necking characteristics and th e post-test hardnes of specim ens of t he 30-percent-Ni-70-percent-Cu alloy, fractured at 900 0 F with a stress of 18,670 lbJin. Ib/in2, is shown in figure 27 , No necking of the specimens was observed dming the first or second sLage of creep, Therefore, it was concluded thaL Lhe specimenL conLoms after fracture (figure 27a) were due, in part, to the different mechanisms exisLing in the Lhil'd sLage, A further examination of the data indicaLes that the specimen con tom was affected more by prestraining temperature Lhan by the subscquent second-stage creep rate, For example, the greatcst tendency to neck was shown by specimen C-24 and the least tendency by spccimen C-13, The pre Lraining temperature of the latter specimen was 1,200° F and tbe second sLage creep rate ex-60 , ------,. ------,-------,------,. ------,------, -----ceeded that of the former specimen , wllich was prestrained at 300° F, by a factor of about 50. Tn general, prestraining at the lower temperatures increased the severity of the neck, the posL-Lest hardness ( fig. 27B ), and Lhe rate of strain hardening. It is evident that both the strain-hardening and necking characteristics of the specimens, tested under the same conditions, were strongly dependent on the initial structure, temperature, and chemical composiLion of the metal.
O' L----------________________________________
70 ,------, ---. , ---, . ------, ------------, ------,
. Summa ry
Creep tests were made at 300°, 700°, 900° and 1,200° F on initially-annealed specimens of copper, nickel, and 70-percent-Ni-30-percent-Cu and 30-percent-Ni-70-percent-Cu alloys. The study was extended to include an evaluation of the rate of loading and prior-strain hi tory on the creep characteristics, hardness, and contours of specimens of the two alloys. -------,----,-------- The initial resistance to flow was increased by alloying the component metals. The maximum resistance was obtained in specimens of the 70-percen t-Ni-30-percent-Cu alloy.
Conformance t o both the theory of exhaustion and of generation of lattice defects during the first stage of cr eep was obtained over limi ted ranges of temperatures and str esses.
The shap e of the str ess-creep rate curves during the first and second stages was altered markedly as the test temperature was increased.
The stress dep endence of second stage creep rate was interpreted on the basis of a hyp erbolic sine law based on the chemical-rate theory. Strict conformance was limi ted by the relative balance between strain hardening and recovery of the sp ecimens at the differ ent temperatures. At the same temperature the resistance to cr eep in the second stage was highest for the 70-percent-Ni-30-percent-Cu alloy and lowest for the copper ; however, the incr ease in creep r esistance above that of the componen t metal was greater when 30 percent of nickel was added to the copper than when 30 p ercen t of copper was added to the nickel.
The cr eep characteristics of the specimens conformed closely to a theory based on a Cottrell effect at low temperatures and t o a theory based on recovery at high temperatures; for specimens tested at low stresses, the r esults were not easily explainable by either of these theories.
Wi th the exception of the copper specimens tested at 900 0 F, the creep rates or fracture times of each metal were expressed in terms of single parameters which varied monotonically with values of the applied creep stress.
Elongation or reduction of area values of the alloys was intermediate between the high values for the nickel and low values for the copper.
Post-test hardness values and the rate of strain hardening of the alloys decreased and th e tendency toward uniform contraction of sp ecimens increased with increase in temperature or decr ease in secondstage creep rate.
Strain aging induced by slowly loading specimens at 300 0 F , was more pronounced for the 70-percentNi-30-percent-Cu than for the 30-per cent-Ni-70-percen t-Cu alloy or for that previously obtained for the nickel.
In general, the shape of the creep curves, mechanical proper ties, and the fracture times were apparently affected by the substructure induced in the specimens by prestraining; however, all phases of Wood's theory of subgrain formation were not generally in agreement with present data.
Prestraining the specimens at the higher temperatures r educed the post-test hardness values, the rate of strain hardening, and the tendency toward a formation of an acute neck_
